The purpose of this study was to evaluate muscle fatigue using electromyogram (EMG) and acoustic myogram (AMG) signals of the shoulder and arm muscles during sustained holding tasks, with the elbow at different angles and at different levels of maximum voluntary contraction (MVC). The EMG and AMG of four muscles, including the upper trapezius (TP), anterior deltoid (DL), biceps brachii (BB), and brachioradialis (BR), were recorded during experiments using 10 healthy young males. The experiments were conducted under 9 pairs of conditions: 3 elbow angles (120°, 90°, and 60°) and * 3 levels of %MVC (20%, 40%, and 60%). Subjects were instructed to hold a weight equal to the designated %MVC at designated joint angles and asked to maintain that condition for as long as possible until exhaustion. Joint angles were also recorded by the electrogoniometers. The analysis of variance revealed that there was no significant effect of elbow angle on the mean MVC or on the endurance time. Elbow angle showed a significant effect on mean power frequency (MPF) of EMG in DL, BB, and BR, and a significant effect on root mean square (RMS) of EMG in four muscles. In BB and BR, MPF of EMG at 120° was found to be significantly lower than 90° and 60°, respectively. There was a significant main effect of elbow angle on MPF of AMG for TP at 20% MVC; for DL at 20% and 40% MVC; for BB at 40% and 60% MVC; and for BR at the three levels of %MVC. The results showed that the range MPF of AMG for DL, BB, and BR was between 32 to 46 Hz, whereas that for TP was from 49 to 83 Hz. There was a significant effect of elbow angle on RMS of AMG in all four muscles in all experiments. At 20% MVC, a progressive increase in RMS of AMG was observed with time. In contrast, at 40% and 60% MVC, RMS showed very different behavior; specifically, it was found that RMS of AMG at 20% MVC significantly increased with increase of elbow angle. We conclude that RMS of AMG has a good and clear correlation with elbow angle at a low level of contraction.
Introduction
Fatigue is one aspect of muscle function, and has been defined as the process leading to decrease in the performance capacity of the muscle (De Luca, 1984) . Muscle fatigue influences the electrical and mechanical properties of the muscle fibers of the active motor unit (MU). These changes in electrical properties have been widely investigated and are closely reflected in changes in the surface electromyogram (EMG). More specifically, throughout sustained isometric contractions the EMG root mean square (RMS) increases and the mean power frequency (MPF) of the power spectrum density distribution shifts toward lower frequencies. These characteristics are well known and generally accepted as a sign of local muscle fatigue (Kogi and Hakamada, 1962; Basmajian and De Luca, 1985; De Luca, 1992) . This phenomenon occurs in association with many jobs, particularly those that require manual handling of materials (Drury and Deeb, 1985) .
Recently, an additional biological signal termed the acoustic myogram (AMG), has been proposed as a new non-invasive tool with which to study muscle contraction in terms of its mechanical aspects of, which have been shown to be derived from the mechanical activities of the fibers of the recruited MU (Barry et al., 1985; Orizio et al., 1989a) . In 1948, Gordon and Holbourn, using a piezo-electric microphone, recorded the electrical signal related to the sound of contracting muscle. These authors suggested that the sound was produced by the lateral expansion of the activated fibers, and that this expansion generated a pressure wave detectable at the muscle surface. The simultaneous existence of both sound and electrical phenomena led the authors to define the sound as an expression of the mechanical counterpart of the electrical activity of the muscle (Orizio et al., 1989b) . Despite the different terminology used by various authors ( e . g . , a c o u s t i c m y o g r a m , m u s c u l a r s o u n d , phonomyogram, sound myogram, or vibromyogram) and the different recording techniques used (piezoelectric transducers, condenser microphones, piezoceramic membranes, or accelerometers), this new field seems promising for physiological applications (Barry et al., 1985; Orizio et al., 1989a Dalton and Stokes, 1993) . Based on the technique used with the EMG, the AMG was recorded and analyzed in terms of frequency and time domain. It has been shown that the AMG amplitude (Barry et al., 1985; Zwarts and Keidel, 1991) and its frequency content (Maton et al., 1990; Orizio et al., 1990) are dependent on contraction intensity. In addition, it h a s be e n su g g es t e d t ha t i n f o r m a ti o n a b o u t M U recruitment and firing rate is retrievable from analysis of the AMG time and frequency (Orizio et al., 1990) .
In contrast to the large body of literature devoted to the investigation of changes in the EMG, little attention has been paid to the combination of EMG and AMG signals as a function of joint angles. With this in mind, the main purpose of the present study was to evaluate muscle fatigue using the EMG, AMG, and endurance time during sustained holding tasks until exhaustion, regarding the task as a function of shoulder and elbow angles at different levels of maximum voluntary contraction (MVC). Given that endurance time is a commonly used metric for the fatiguing effects of muscle exertion, that measurement was used in this study.
Methods and Materials

Subjects
Ten healthy male volunteers without any history of diseases in the arm and shoulder region participated in the experiments. The mean ± SD data of age, height, and body mass were 24 ± 1.2 years, 1.71 ± 0.05 m, and 61.3 ± 5.8 kg, respectively. All of the subjects were right-handed university students.
Experimental conditions
The experiment was conducted under 9 pairs of conditions provided by a combination of 3 elbow angles (120°, 90°, and 60°) and 3 levels of %MVC (20%, 40%, and 60%). Each subject was tested under each of the 9 conditions on 9 respective days. Full recovery from a fatiguing contraction can take hours (Kroon and Naeije, 1 98 8 ) . T h u s , i n o r d e r to a vo i d t h e p o t en ti a l l y confounding influence of recovery, at least 2-days rest interval was scheduled between each subject's tests.
Physiological measurements
The myoelectric activity from four right-side muscles of shoulder and arm, including the upper trapezius (TP), ant eri or d elto i d (D L) , bic eps br ac hii ( B B) , and brachioradialis (BR), were recorded using disposable surface EMG electrodes (Nihon Kohden, Vitrode Y). Electrodes were placed along the longitudinal axis of the abdominal muscles as close as possible to the AMG sensor, but not in direct contact with it. Prior to the experiments, the skin was cleaned with alcohol, and a small quantity of gel for bioelectrical measurement (Nihon Kohden, skinPure) was rubbed to reduce skin surface impedance. The AMG was detected by a small accelerometer with a piezo-electric element (Nihon Kohden, MT-3T) attached with surgical tape at the intermediate point of the EMG electrodes. The accelerometer was 23 mm in diameter and 3 mm thick, and weighted 3 g.
The raw EMG and AMG signals were low-pass filtered with a cut-off frequency of 300 Hz for EMG (time constant of 0.03s) and 100 Hz for AMG (time constant of 0.1s). The signals were then amplified by AC bio-amplifiers (Nihon Kohden, AB-621G), analog-to-digital converted at a sampling rate of 1000 Hz (A/D converter: BIOPAC Systems, Inc, Model MP100-CE), and stored on a computer for subsequent analysis.
Experimental procedures
The subject was seated on a straight-backed chair in such a way that his feet were placed flat on the floor with the hip and knee joints at a right angle. Seat belts with an adjustable clamping device were placed around the waist and chest to prevent changes in posture during the test, and were firmly tightened but not such that the subject was made uncomfortable. To record changes of joint angles, two electrogoniometers (Penny & Giles Co.) were attached to the lateral side of the shoulder and elbow, respectively. The forearm and arm were in the sagittal plane, and the wrist was maintained in a position midway between pronation and supination. In order to normalize the level of contraction for each subject, the standard MVC was performed according to the Caldwell protocol (Caldwell et al., 1974) . The subject was asked to make a MVC, and each session involved three trials of 5s with a rest period of 5 min provided between trials. The greatest of the three MVC measurements was considered the MVC. A strain gauge dynamometer with a load cell (Takei Kiki Kogyo Co., 1269), attached to the fixed metal frame at the distal side of the forearm with an adjustable wire, allowed measurement of elbow flexion force. This procedure was repeated during each trial at the position where the load was applied in the task, to give reference values for each subject individually.
After electrodes and sensors were attached, the subject was instructed to hold a weight (equal to the designated %MVC, and factoring in the weight of the arm) suspended by a strap from the weight handle at designated elbow angles, and instructed to maintain that position for as long as possible up to exhaustion under visual feed back control. A graphic computer display was located in front of the subjects, and signals from electrogoniometers with two straight lines corresponding to the desired angles were presented. Moreover, to enable the subject to observe his performance of the task (control of joint angles), the joint angles could be observed by the subject on the other screen display, which was hooked up to a CCD-camera located to the right of the subject's chair. Verbal encouragement was given throughout all experiments. The experimental room was set at an ambient temperature of 22-24°C.
Data analysis
The analysis of the EMG and AMG was performed in the amplitude and in the frequency domains. Endurance time was defined in this study as the time during which the subject was able to maintain the target angle with deviations not more than ± 10°. To make possible the comparison between experimental conditions and different durations to exhaustion, time was normalized. Every 10th percentile of endurance time was selected as a sample of recorded data for future analysis. To assess the frequency range of the EMG and AMG, the power spectrum density distribution was determined using the Hanning window of 1024 points (slightly over 1s) employing a Fast Fourier Transform-algorithm (FFT). Five 1024 point segments in each sample were selected at a fixed interval throughout the test, and the power spectra were computed and averaged and used to calculate MPF. The MPF was calculated using the equation ΣV i F i /ΣV i , where V i is the amplitude associated with the frequency F i (Eberstein and Beattie, 1985) . As an index of the signal power, RMS amplitude of the raw EMG and AMG signals was also calculated in each sample.
Statistical analysis
The results were evaluated with the conventional descriptive statistics. The data were analyzed using a two-way (EMG and AMG data: elbow angle * time; endurance time: elbow angle * %MVC) analysis of variance (ANOVA) for repeated measures. In addition, the effects of joint angle on MVC were analyzed using oneway repeated measures ANOVA. When a statistically significant result was found, post-hoc comparisons were made using Fisher's protected least significant difference procedure. The level of significance was set at P<0.05. Values are given as means ± SD.
Results
MVC
The mean ± SD of MVC values of the elbow flexors across all subjects at the three elbow angles of 120°, 90°, and 60° were 162 ± 26 N, 168 ± 24 N, and 170 ± 23 N, r esp ecti ve ly. T he on e-way A NOV A r eve ale d no significant difference in the mean MVC values.
Endurance time
The mean ± SD of endurance time for 20% MVC at 120°, 90°, and 60° were 562 ± 187 s, 631 ± 290 s, and 600 ± 283 s; for 40% MVC were 138 ± 37 s, 115 ± 28 s, and 117 ± 40 s; and for 60% MVC were 61 ± 28 s, 49 ± 18 s, and 48 ± 20 s, respectively. There was no significant effect of elbow position on endurance time, but the effect of %MVC was significant. Post-hoc comparisons showed that the change at 20% MVC versus that at 40% and 60% MVC was significant, while there was no significant difference between 40% and 60% MVC. Endurance time declined hyperbolically with increasing %MVC.
EMG parameters
A progressive decrease of MPF from the beginning to the end of the test in all four muscles was found for all experimental conditions (Fig. 1a ). The ANOVA results (Table 1) showed a significant main effect of time on MPF in all four muscles in all experiments, except for in the TP and the BR at 20% MVC. The mean values of MPF at the onset and exhaustion time of tests corresponding to the rate of changes, as well as to the correlation coefficients between the times of sustained contraction and MPF are shown in Table 2 . As can be clearly seen in this table, the rate of decrease for BB at 40% and 60% MVC was considerably greater than that of the other muscles. Elbow angle showed a significant effect on MPF in DL, BB, and BR (Table 1) . However, post-hoc analysis showed that there was not a significant difference between the changes for DL at 120° versus 90° at 20% and 60% MVC, or at 90° versus 60° at 40% MVC; nor for BB at 90° versus 60°a t 20% and 40% MVC. In BB and BR, MPF of elbow angle at 120° was found to be significantly lower than that at 90° and 60°.
As expected, throughout sustained contractions an increase of RMS was found in this study (Fig. 1b ). Time showed a significant effect on RMS in three muscles: TP, BB, and BR at 20% and 40% MVC (Table 1) . In DL, time was not significant, however; as shown in Table 2 , the increase of RMS was significant at 90° and 60°. Elbow angle showed a significant effect on RMS in all four muscles in all experiments (Table 1) . As shown in Figure  1b , in BB, RMS of elbow angle at 120° at 20% and 40% MVC was found to be significantly greater than that at 90°a nd 60°. In contrast, in BR, RMS of elbow angle at 120° at 40% and 60% MVC was found to be significantly lower than that at 90° and 60°. In other words, with increase in elbow joint angle, RMS clearly increased in BB at 20% and 40% MVC, whereas, conversely, it decreased in BR at 40% and 60% MVC. Significant interactions between time and elbow angle showed no effect on EMG parameters. Figure 2a shows the changes in MPF values during sustained contractions at three different elbow angles. A main effect of time on MPF was seen only for DL at 20% and 60% MVC (Table 1) . As shown in Table 3 , the range of values of MPF for DL, BB, and BR at the initiation of the experiment were between 32 to 46 Hz, and at the end of contraction were between 32 to 42 Hz. In contrast, for TP the values of MPF ranged from 49 to 80 Hz at the beginning of the experiment and from 54 to 83 Hz at the end of the contraction. The ANOVA results (Table 1) showed a significant main effect of elbow angle on MPF for TP at 20% MVC; for DL at 20% and 40% MVC; for BB at 40% and 60% MVC; and for BR at all three levels of %MVC.
AMG parameters
T he c h an g es in RM S v alu e s du rin g su st ain e d contractions are illustrated in Fig. 2b . A significant effect of time on RMS was observed in all experimental conditions except for TP, DL, and BR at 60% MVC, and for BB at 40% MVC (Table 1) . However, for BB at 60% MVC, post-hoc comparisons showed no significant difference between the first and last 10% of endurance time. As Table 3 shows, though this is more obvious in Fig. 2b , at 20% MVC the mean RMS significantly increased from the beginning to the end of the experiment. The ANOVA revealed a significant effect of elbow angle on RMS in all four muscles in all experiments (Table 1) . However, posthoc analysis showed that there was not a significant difference between the changes for TP at 120° versus 60°a t 40% MVC, or at 90° versus 60° at 60% MVC; nor for DL and BR at 120° versus 90° at 20% MVC. In particular, in 20% MVC tests we found a clear correlation between the rate increase of RMS values and elbow angles. At this level of contraction, the RMS significantly increased with increase of elbow angles (see Fig. 2b ). In contrast, at 40% and 60% MVC, RMS showed very different behavior. A significant interaction was observed between the time and elbow angle only for BR at 20% MVC.
Discussion
The aim of the present investigation was to evaluate muscle fatigue using changes in EMG and AMG as parameters during sustained holding tasks at different elbow angles. To this end, endurance time was used as a metric for fatiguing effects of muscle activity. The endurance time in a static contraction has been shown to be inversely related to the force exerted (Sato et al., 1984) . Specifically, when the force is expressed as a percent of MVC, the relationship between endurance time and force is fairly similar irrespective of muscle groups, joint angles, and subjects (Caldwell, 1963; Petrofsky and Phillips, 1980) . Our results in this study, which are consistent with those in previous studies, also indicate that endurance time in elbow flexion is not dependent on the elbow angle, and that a highly significant correlation exists between the endurance time and the relative load.
Throughout sustained isometric contractions, the RMS of EMG increases and the EMG power spectrum density distribution shifts to lower frequencies; these features are well-known and commonly considered as indicators of muscle fatigue (De Luca, 1984 , 1992 . In the present investigation, these features of EMG parameters were evident (Table 2, and Fig. 1) ; our findings were in good agreement with those of previous investigations Table 1 Results of two-way analysis of variance (ANOVA) and
Fisher's protected least significant different post hoc test on changes in the electromyogram (EMG) and acoustic myogram (AMG) parameters MPF: mean power frequency; RMS: root mean square; T: time (normalized endurance time); EA: elbow angle; 1st and 10th: first and last 10% of endurance time, respectively; muscles, including TP: (upper trapezius), DL: (anterior deltoid), BB: (biceps brachii), and BR: (brachioradialis). *: P<0.05; **: P<0.01. (Basmajian and De Luca, 1985; De Luca, 1984) . With respect to EMG, the well-documented increase in amplitude during fatigue at different force levels has often been attributed to increase in MU recruitment and firing rate (Moritani et al., 1986; Weir et al., 2000) . The decreases in MPF of EMG have been suggested to result from a decrease in muscle fiber conduction velocity (Sadoyama et al., 1983; Eberstein and Beattie, 1985) , and possibly from an increase in MU synchronization (Weir et al., 2000) . However, synchronization, i.e., the tendency for MUs to discharge at, or nearly at, the same time, has often been cited as the cause for both frequency shift and amplitude increase (De Luca, 1984) . In contrast to the interpretations of such changes in EMG, those changes in AMG responses during fatigue are complicated. Changes in the AMG signal have been suggested to result from a variety of factors during muscle contraction. MU activation pattern may provide a t ent a ti ve e xp la na ti o n o f t hes e c ha ng es o f A MG parameters. The peculiar combination of recruitment and firing rates of the active MU used by the muscle to generate force has been termed the MU activation pattern (Basmajian and De Luca, 1985; Esposito et al., 1996) . At each isometric contraction, a specific level of MU recruitment and of mean firing rate can be found (Esposito et al., 1996) . During an isometric contraction of low intensity, the force output is mainly controlled by the recruitment of MUs composed of type I fibers (slow twitch), characterized by a low peak tension and by a deep muscle location (Claman, 1970; Freund, 1983) . At higher intensity, the continuously increasing number of type I fibers, activated at the higher firing rate, is accompanied by the recruitment of MUs with type II fibers (fast twitch) (Freund, 1983) , which have a higher peak tension and a more superficial distribution than type I fibers. Consequently, the position within the muscle and the mechanical characteristics of the two fiber types may influence the AMG and result in a wide range of force output (Orizio et al., 1989a) .
Contrary to the time-related changes of RMS of EMG, which are independent of the intensity of the task, the time-related changes of RMS of AMG show three different trends (Fig. 2b) . At 20% MVC, the progressive increase in A M G o b s e r v e d w i t h t i m e m a y d e p e n d o n t h e synchronization and the increasing firing rate of the active MUs (Edwar ds, 1981) , and eventu ally o n Each point is the average value (mean ± SD, n=10) for the period of 10% endurance time.
(a) (b)
recruitment of fast twitch MUs (Moritani et al., 1986) . Both synchronization and recruitment could determine increased pressure waves, and thus louder sound. At 40% MVC, the AMG fluctuates around a steady value for the entire duration of the task. This level of effort can be considered one of transition with respect to the MU activation pattern and muscle perfusion (Freund, 1983) . The different trend of AMG (i.e., increase and decrease) observed during 60% MVC may be explained by the lengthening of relaxation time with fatigue, and the consequent reduction in the myogram ripple may determine a fusion-like situation. This would yield a decrease of the pressure waves generating the sound (Orizio et al., 1989a) . Therefore, the AMG appears to reflect the activation pattern of muscle fibers not only in terms of their number, type, and location, but also in terms of their firing rate (Itoh et al., 1997) .
In the frequency domain, in contrast to the spectra of the EMG signal, the spectra of the AMG signal did not show any shifts toward lower frequencies; this signal showed quite different behavior (Fig. 2a) . The results of the present study indicated that the MPF of the AMG signal tends to remain approximately constant in the phase of the fatigue test during which there are three different sustained voluntary contractions. Previous studies have shown that the frequency of the AMG signal is influenced by muscular stiffness, and Barry and Cole (1988) have indicated that muscle stiffness may dominate the resonant frequency of the muscle. Furthermore, changes in resonant frequency are closely related to changes in muscle tension during isometric contractions. It has been shown that the dominant frequency of the AMG produced by a skeletal muscle initially increases then becomes constant as the force plateau is reached (Barry and Cole, 1990) .
In previous studies, the most relevant frequency parameters of AMG found during isometric contractions of human muscles were reported to be almost below 50 Hz (Orizio et al., 1990; Yoshitake and Moritani, 1999) . The wide range of frequency values observed in different studies is probably due to the contraction intensities being not well-defined or not comparable among studies, and to different experimental designs and the use of different algorithms (Orizio et al., 1989a (Orizio et al., , 1990 . Moreover, notable differences in signal shape are evident when signals from accelerometers and other recording techniques are compared (Orizio, 1993) . In this study, the results of frequency range of three muscles, the DL, BB, and BR, are in agreement with those obtained in previous studies, whereas the results for the TP muscle in this study were higher than 50 Hz (Table 3) . We were unable to find data in the literature on the frequency range of this muscle; thus, no comparison can be made. It is known that the upper trapezius is a flat muscle that covers the supraspinatus muscle, and that it becomes thinner laterally (Hermans and Spaepen, 1997) . It is possible that this different range of frequency is related to the upper trapezius muscle morphology (Lindman et al., 1991) . In the TP muscle, a high profusion of type II, fast twitch muscle fiber was found in the uppermost regions, whereas the lower regions in the descending portion showed a predominance of type I, slow twitch fibers. On the other hand, additional type II muscle fibers are recruited to sustain a submaximal endurance task, which utilizes a higher relative number of active type II fibers in the uppermost regions (Hermans and Spaepen, 1997) . Previous studies have also indicated that MPF of AMG is quite sensitive to the fiber-type composition of a muscle. On the basis of the above considerations, it appears that this characteristic of TP muscle might have been indicated in its AMG frequency range.
It should be noted that the effect of composition and distribution of type I fibers and type II fibers on the changes of AMG parameters should be considered as one o f the co ntr ibu ti ng mor phol ogica l facto rs. The percentage fiber types of TP (ST: 54%, FT: 46%) and DL (ST: 53%, FT: 47%) are almost the same, and that these percentages are similar to those of BB (ST: 42%, FT: 58%) and BR (ST: 40%, FT: 60%). That is, given the upper body position used in this study, i.e., only the elbow angle was changed (the upper arm was put parallel to the body), the p resent results cou ld no t be exp la ined by fiber composition.
In conclusion, we found that one physiological parameter, RMS of AMG, has a good correlation with elbow angle (Fig. 2b) at a low level of contraction, and this parameter can be measured non-invasively. The RMS of AMG values clearly increased with increase in elbow joint angle. This phenomenon might have been due to the occurrence of changes in muscle length that at different elbow angles. It was suggested that differences in MU recruitment rates might have been involved in the lengthdependent fatigue rates reported by Weir et al. (2000) . Future investigation of this phenomenon could clarify the role of the mechanical properties of the muscle itself in determining the muscle's sound characteristics.
